Many vasculature-related diseases affecting skeletal muscle function have been studied in mouse models. Noninvasive quantification of muscle blood flow responses during postocclusive reactive hyperemia (PORH) is often used to evaluate vascular function in human skeletal muscles. However, blood flow measurements during PORH in small skeletal muscles of mice are rare due to the lack of appropriate technologies coupled with the challenge of measurement setup resulting from the lack of large enough test sites. In this study, we explored adapting diffuse correlation spectroscopy (DCS) for noninvasive measurement of the relative changes of blood flow (rBF) in mouse thigh muscles during PORH. A small fiber-optic probe was designed and glued on the mouse thigh to reduce the motion artifact induced by the occlusion procedure. Arterial occlusion was created by tying a polyvinyl chloride (PVC) tube around the mouse thigh while the muscle rBF was continuously monitored by DCS to ensure the success of the occlusion. After 5 min, the occlusion was rapidly released by severing the PVC tube using a cautery pen. Typical rBF responses during PORH were observed in all mice (n 7), which are consistent with those observed by arterial-spin-labeled magnetic resonance imaging (ASL-MRI) as reported in the literature. On average, rBF values from DCS during occlusion were lower than 10% (3.1 2.2%) of the baseline values (assigning 100%), indicating the success of arterial occlusion in all mice. Peak values of rBF during PORH measured by the DCS (357.6 36.3%) and ASL-MRI (387.5 150.0%) were also similar whereas the values of timeto-peak (the time duration from the end of occlusion to the peak rBF) were quite different (112.6 35.0 s versus 48.0 27.0 s). Simultaneous measurements by these two techniques are needed to identify the factors that may cause such discrepancy. This study highlights the utility of DCS technology to quantitatively evaluate tissue blood flow responses during PORH in mouse skeletal muscles. DCS holds promise as valuable tool to assess blood flow regulation in mouse models with a variety of vascular diseases (e.g., hypercholesterolemia, diabetes, peripheral artery disease).
Introduction
Mice have been extensively used as an experimental animal model for studying human pathobiology because of their fully defined genome sequence, fast reproduction rate, low cost, and ease of handling. Many vasculature-related diseases affecting skeletal muscle functions, such as diabetes and peripheral arterial disease (PAD), have been studied in mouse models [1, 2] . For example, Guo et al. evaluated diabetes-induced muscle dysfunction via in vitro assessment of the isometric contractions and the levels of cyclooxygenase-2 mRNA and protein in smooth muscles removed from mice [1] . Rufaihah et al. used in vitro immunofluorescence staining of ischemic muscle tissues to study the effect of stem cell therapy in a mouse model of PAD [2] . These methods, while effective, are invasive and end-point measures that capture only a "snapshot" of the muscle condition. Moreover, although these studies [1, 2] revealed valuable mechanistic information, their impact on the dynamics of muscle blood flow regulation is lost.
Noninvasive quantification of muscle blood flow responses during postocclusive reactive hyperemia (PORH) is often used to evaluate vascular function in human skeletal muscles [3, 4] . PORH refers to the hyperperfusion (usually higher than its baseline value) after the release of arterial occlusion. The hyperemic response during PORH involves a variety of vascular control factors including metabolic and endothelial vasodilation, myogenic response, and sensory nerve control [5, 6] , and thus can be used for vascular function assessment. For example, a peak flow ≤75% of the baseline and time for the hyperemia response to fall to 50% of the peak ≥40 s have been suggested to be two criteria in diagnosing PAD [7] . It is highly desirable to translate this noninvasive method (i.e., PORH) to animal models such as mice. However, blood flow measurement in small skeletal muscles of mice represents a major technical challenge.
Current technologies used for tissue blood flow measurement in mouse limb include the microsphere method [8] , laser Doppler flowmetry (LDF) [9] , laser Doppler imaging (LDI) [10] , and arterial-spinlabeled magnetic resonance imaging (ASL-MRI) [11] [12] [13] . Although the semi-invasive microsphere method is accepted as a gold standard for the measurement of microvascular blood flow in relatively larger animals (e.g., rats), the withdrawing of arterial blood samples alters the total blood volume in smaller animals such as mice, making continuous or repeated measurements inaccurate. LDF and LDI are capable of measuring tissue blood flow, but only at the tissue surface. Very few studies have used ASL-MRI to measure blood flow in mouse skeletal muscles during PORH [11, 12] because the large and costly instrumentation required for ASL-MRI precludes its frequent use. Furthermore, the reliability of ASL-MRI measurements is limited when blood flow level is low [14, 15] , e.g., in the resting muscles.
The emerging technology, near-infrared (NIR) diffuse correlation spectroscopy (DCS), offers a noninvasive, rapid, and low-cost alternative for the longitudinal measurement of relative change of blood flow (rBF) in deep tissues. DCS uses NIR light to directly detect the motion of red blood cells in deep microvasculature [16] [17] [18] . The relatively low tissue absorption of NIR light (650 to 950 nm) allows DCS to monitor muscle blood flow deep underneath the skin. Furthermore, DCS measurements of rBF have been extensively validated against other techniques, including LDF [19, 20] , Doppler ultrasound [21, 22] , power spectral Doppler ultrasound [23] , fluorescent microsphere flow measurement [24] , ASL-MRI [15] , and Xenon computed tomography [25] .
Although DCS has been extensively used for quantifying rBF in human skeletal muscles [15, [26] [27] [28] [29] [30] [31] , the challenge remains to adapt it to the small size of skeletal muscles in mice. Mesquita et al. have recently placed a small DCS fiber-optic probe (attached to a post) on top of the mouse thigh muscle to longitudinally study muscle vascular regrowth after hindlimb ischemia induced by femoral artery ligation [32] . However, their study involved an invasive surgical procedure (i.e., femoral artery ligation), and was not intended to measure PORH responses. DCS measurements of rBF during PORH in mouse skeletal muscles have not yet been reported, which is likely due to the difficulties of probe placement and occlusive manipulation on the small mouse thigh. In this study, we developed a small fiber-optic probe and glued it on top of the mouse thigh muscle to reduce the motion artifact during occlusive manipulation. A polyvinyl chloride (PVC) tube was used on the thigh to create an arterial occlusion for 5 min. A surgical cautery pen was then used to burn (i.e., sever) the tube, allowing for rapid release of the occlusion while inducing minimal motion of the thigh. Typical PORHs were observed from the continuous DCS blood flow measurements in mouse thigh muscles.
Materials and Methods

A. DCS for rBF Measurement
Details about DCS theory and instrumentation can be found elsewhere [33] [34] [35] [36] . Briefly, a four-channel DCS unit consists of a long-coherence-length (> 5 m) NIR laser diode (785 nm, 100 mW, CrystaLaser Inc., California, USA), four single-photon-counting avalanche photodiodes (APDs, Excelitas Technologies Corp., Canada), and a four-channel correlator (correlator.com, New Jersey, USA) (Fig. 1) . Optical fibers connected to the laser and APD are placed on the tissue surface with a distance of millimeters to centimeters depending on the desired penetration depth of light. According to photon diffuse theory, the penetration depth of NIR light in biological tissues is approximately one half of the source-detector (S-D) separation [34, 37, 38] . In this study, we used an optical probe with one pair of source and detector fibers placed at an S-D separation of 6 mm, which allows for the detection of rBF deep in the thigh muscles of mice (Fig. 2) . The sampling rate of DCS measurement was 0.5 Hz.
For DCS measurements, NIR light generated by the laser diode is launched into tissues through a multimode source fiber (core diameter 200 μm). While transporting through the tissue, photons are either scattered by tissue scatterers (e.g., red blood cells, organelles, and mitochondria) or absorbed by tissue absorbers (e.g., hemoglobin). Only some of the photons eventually reach the APD via a single-mode detector fiber (core diameter 5.6 μm). The motion of moving scatterers (primarily red blood cells in microvasculature) causes light intensity fluctuation on the tissue surface, which can be detected by the APD [18, 27, 33] . The correlator takes the output from the APD and calculates the light intensity temporal autocorrelation function. The electric field temporal autocorrelation function derived from the measured intensity autocorrelation function satisfies the correlation diffusion equation in highly scattering media [33] . A blood flow index αD B is extracted by fitting the electric field autocorrelation function to its analytical solution of the correlation diffusion equation. Here, D B is the effective diffusion coefficient of the moving red blood cells and α (ranging from 0 to 1) is the ratio of moving scatterers to total scatterers [33, 35] . The unit of DCS flow index (αD B ) is cm 2 ∕s, which differs from the classical blood flow unit in biological tissues (ml∕ min ∕100 g). However, the percentage changes in αD B (i.e., rBF) reported in this study have been previously found to correlate well with the blood flow changes measured by many other established modalities [15, [19] [20] [21] [22] [23] [24] [25] , as mentioned in the Introduction section.
B. Fiber-Optic Probe Designed Particularly for Small Mouse Leg
A special fiber-optic probe was designed for use on the mouse thigh (Fig. 2) . Specifically, a rectangular black foam pad was cut to match the small size of mouse thigh. Two holes were drilled in the pad to confine the source and detector fibers at a distance of 6 mm. Previous DCS measurements in human subjects often secured a big fiber-optic probe with large S-D separations (several centimeters) on the skeletal muscle using medical tape or elastic bandage [28] [29] [30] [31] . However, medical tape is not strong enough to fix the small custom-made probe on the small thighs of the mice tested in the present study. Furthermore, an elastic bandage may result in the imposition of unwanted pressure on the soft tissues of the thigh, which may distort tissue blood flow. In this study, we first glued the foam pad on mouse right thigh, and then inserted the source and detector fibers into the pad. After the measurement, optical fibers can be easily detached from the pad for reuse and the foam pad can be removed from the mouse leg using acetone to dissolve the glue. This design allows for repeated measurements for longitudinal monitoring.
C. Animal Preparation and Experimental Protocol
The experimental protocol was approved by the Institutional Animal Care and Use Committee of University of Kentucky. Seven male low-density lipoprotein receptor deficient (LDLr-/-) mice (B6.129S7-Ldlr tm1Her ; Cat No. 2207) were purchased from the Jackson Laboratory (Bar Harbor, ME). Before installing the DCS probe, the mice (16 weeks old) were anesthetized with 1% isoflurane (Butler Schein), and secured in a prone position by taping the limbs on a heating pad [ Fig. 1(a) ]. Body temperature was kept at 37°C. The hair overlying the test site on the thigh of the right hindlimb was shaved for the installation of the fiber-optic probe.
The experimental protocol consisted of a 5 min resting baseline, a 5 min arterial occlusion, and a postocclusive period until rBF recovered to its preocclusion baseline level (Fig. 3) . A real-time blood flow index (αD B ) was continuously measured by the DCS probe before, during, and after the occlusion. A loose overhand knot was wrapped around the thigh between the hip and the glued optical probe using a PVC tube (outer diameter: 0.05 in.). The occlusion was generated by manually increasing the tying force on the knot until the blood flow (monitored continuously by DCS) decreased to less than 10% of its baseline level. At the end of the 5 min occlusion, a high temperature surgical cautery pen was used to sever the PVC tubing by gently burning through it, which released the arterial occlusion rapidly without significantly interrupting the optical measurement or injuring the animal.
D. Data Analysis
Following the methods used in previous studies [15, 28, 30, 39] , rBF throughout the test procedure was calculated by normalizing the instantaneous αD B by its baseline value, which was determined as the average value of the measurements recorded for 1 min immediately prior to the arterial occlusion. The average baseline blood flow value was assigned a value of 100%. The averaged value of rBF during 5 min occlusion, peak rBF during PORH, and time-to-peak (the time duration from the end of the occlusion to the peak rBF) were quantified for each mouse (Fig. 4) . All average results over the seven mice are presented as mean standard deviation. Figure 4 shows the typical rBF response to the arterial occlusion in one mouse. Time 0 represents the time to release the occlusion. rBF decreased sharply to almost zero at the beginning of the occlusion, then maintained at a stable level (2.0 1.4%) during the 5 min of occlusion. A typical PORH occurred following the release of the occlusion; rBF increased rapidly and reached its peak value (peak rBF 381.8%) in 92 s (time-to-peak), followed by a gradual recovery period toward its baseline.
Results
The individual rBF responses of all mice (n 7) are plotted in Fig. 5 . Data were aligned to Time 0 when the occlusion was released. A relatively high temporal resolution (0.5 Hz) of DCS measurements resulted in the generation of smooth rBF curves for all mice. rBF values during occlusion were consistently <10% in all mice, indicating the success of the arterial occlusion. After the release of the occlusion, all mice showed a typical PORH with relatively small intrasubject variation. Figure 6 shows the average rBF responses and variations during PORH over seven mice. Data are presented as means standard deviations. On average, rBF during occlusion, peak rBF, and time-to-peak were 3.1 2.2%, 357.6 36.3%, and 112.6 35.0 s, respectively. 
Discussion and Conclusions
Quantification of skeletal muscle blood flow response during PORH has been extensively used in evaluating the vascular function of human skeletal muscle [3, 7, 40] . However, very few studies reported evaluating PORH in mouse skeletal muscles [11, 12] , which is likely due to the lack of readily available noninvasive techniques for blood flow measurements in deep muscles coupled with the challenge of measurement setup resulting from the lack of large enough test sites to conduct a PORH assessments on mice.
ASL-MRI provides noninvasive and absolute measurement of muscle blood flow in the mouse hindlimb [11] [12] [13] . However, this approach produces less reliable measurements when blood flow is low (e.g., muscle blood flow at resting baseline and during arterial occlusion) [14, 15] . Without a reliable baseline measurement, the percentage change of blood flow (e.g., peak rBF) during PORH cannot be determined, which is an important parameter for the diagnosis of microvascular dysfunction due to vascular disease states (e.g., PAD) [7] . In addition, the low sampling rate of ASL-MRI measurement in mice (e.g., sampling time >10 s [11] ) reduces the accuracy in the determination of response time (e.g., time-topeak) during PORH. Furthermore, the high cost of ASL-MRI measurements limits its frequent use in research.
By contrast, DCS is a noninvasive, fast, and inexpensive tool for real-time measurement of relative blood flow changes in deep mouse muscles. The challenge of applying DCS for the study of PORH in murine muscles includes the placement of the fiber-optic probe and the application of arterial occlusion in small mouse limbs with limited space. In the present study, we adapted a small fiber-optic probe for the use on the small mouse limb (see Figs. 1  and 2 ). The probe pad confining the optical fibers was glued on the mouse limb to reduce the motion artifact. The detachable design separating the probe pad and optical fibers allows for the reuse of optical fibers. The foam pad can be removed from the mouse leg using acetone to dissolve the glue, which allows for repeated (i.e., longitudinal) measurements.
Another challenge is to perform the arterial occlusion with minimum disturbance to blood flow measurements. Although commercial inflatable tail cuffs have been frequently used in mouse models [41] , a cuff for use on the mouse thigh is not available. Bertoldi et al. used two threads wrapped around the mouse thigh and pulled tightly closed by two weights to induce arterial occlusion on the mouse thigh inside an ASL-MRI coil; the occlusion was released by removing the weights [11] . However, it is difficult to determine how much weight for each individual mouse should be applied to occlude the artery completely without causing damage to the tissues underneath the threads. Furthermore, the success of the occlusion cannot be judged from an online (i.e., real time) measure or during postprocessing of blood flow data since ASL-MRI measurements are not reliable when tissue blood flow is low during occlusion [14, 15] . In the present study, we occluded the arterial blood flow by tying a flexible PVC tube around the mouse thigh (see Fig. 3 ). The tying force was gently increased and continuously monitored by the DCS device. Once the blood flow reached a level of less than 10% of its baseline value (i.e., rBF <10%), the tying force was kept constant for 5 min. The occlusion was then rapidly released by cutting the PVC tube using a surgical cautery pen.
Overall, the new methods used in the present study minimized motion artifact (by gluing the probe on the mouse thigh), ensured the success of the occlusion (by monitoring the blood flow level), and obtained consistent flow responses during PORH (by rapidly releasing the occlusion force).
The results obtained from the present study were compared to the limited available blood flow data in mouse thigh during PORH measured by ASL-MRI [11] . Results from two other studies in mouse skeletal muscle using ASL-MRI are excluded from the comparison as one did not report quantitative responses during PORH [12] and the other monitored blood flow during electrical stimulation [13] . Similar dynamic trends/patterns throughout the arterial occlusion procedure were observed in both the measurements of the present study (see Figs. 4 and 5) in comparison with those reported in the literature (see Fig. 6 in Bertoldi et al. [11] ).
To facilitate a quantitative comparison between the measurements of the present study and those of Bertoldi et al. [11] , the reported absolute blood flow values measured for PORH by ASL-MRI were normalized to their baseline values before the occlusion, even though these baseline values might not be reliable due to the low level of blood flow. Table 1 lists the comparison results. The peak values of rBF in mouse thigh muscles quantified by DCS (357.6 36.3%) and ASL-MRI (387.5 150.0%) were similar, but the data variation of ASL-MRI measurements (150.0%) was much greater than that of DCS measurements (36.3%). Although it is unclear why the average time-to-peak measured by DCS (112.6 35.0 s) was ∼2.3 times longer than that measured by ASL-MRI (48 27 s), the differences between the two studies may have contributed to the discrepancy observed. These differences (see Table 1 ) include the strain and age of mice, tissue heterogeneity, occlusion duration and data sampling time, reliability of baseline/ occlusion measurements, and success of arterial occlusion. In addition, the contact DCS measurements (in contrast to the noncontact ASL-MRI measurements) may have altered skeletal muscle blood flow responses by a potential light pressure imposed by the fiber-optic probe on the soft muscle tissues [15] .
In conclusion, we have successfully adapted our novel DCS system for noninvasive evaluation of blood flow responses during PORH in mouse thigh muscles. We also showed that the thigh is a feasible location to conduct DCS assessment of muscle blood flow regulation, e.g., during PORH. DCS-based rBF measurements in the mouse thigh showed a typical PORH response pattern that is consistent with the absolute blood flow measurements by ASL-MRI in the literature. Peak values of rBF during PORH measured by DCS and ASL-MRI were similar whereas the values for time-to-peak were quite different. Simultaneous measurements by the two techniques, as we did previously in human skeletal muscles [15] , are needed to identify the factors that may have caused this discrepancy. In the future, we intend to test the ability of DCS to detect changes in microcirculatory function for mouse models of vascular diseases (e.g., hypercholesterolemia, diabetes, PAD) and explore the diagnostic and research value of DCS for quantifying deep muscle blood flow regulation. This work was supported by an American Heart Association (Nos. 09BGIA2250309 and 09BGIA2350015) and a National Science Foundation Kentucky EPSCoR-Bioengineering Initiative grant (No. 0814194). We thank the Saha Cardiovascular Research Center at the University of Kentucky for the use of their animal research facility.
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